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I. General
Commercial reagents were used without further purification. Dithiothreitol (DTT) was from Research Products International (Mt. Prospect, IL). N,N'-dimethylhydrazine dihydrochloride was from Santa Cruz Biotechnology, Inc (Dallas,TX). Papain (lyophilized powder from papaya latex), creatine kinase (lyophilized powder from rabbit muscle), hexokinase (lyophilized powder from Saccharomyces cerevisiae), glucose-6-phosphate dehydrogenase (ammonium sulfate suspension from baker's yeast), N α -benzoyl-L-arginine-4-nitroanilide hydrochloride, S-methyl methanethiosulfonate, trans-4,5-dihydroxy-1,2-dithiane (oxidized DTT), 2-mercaptoethanol, oxidized 2-mercaptoethanol, and 2-butyne-1,4-diol were from Sigma-Aldrich (St. Louis, MO). DTBA and oxidized DTBA were synthesized as described previously. 1 All glassware was oven or flame-dried, and reactions were performed under N 2 (g) unless stated otherwise. Dichloromethane was dried over a column of alumina. Triethylamine and dimethylformamide (DMF) were dried over a column of alumina and purified further by passage through an isocyanate scrubbing column. Flash chromatography was performed with columns of 40-63 Å silica, 230-400 mesh (Silicycle, Québec City, Canada). Thin-layer chromatography (TLC) was performed on plates of EMD 250-um silica 60-F 254 . The term "concentrated under reduced pressure" refers to the removal of solvents and other volatile materials using a rotary evaporator at water-aspirator pressure (<20 torr) while maintaining the water-bath temperature below 40 °C. Residual solvent was removed from samples at high vacuum (<0.1 torr). The term "high vacuum" refers to vacuum achieved by a mechanical belt-drive oil pump. Analytical Electronic Supplementary Material (ESI) for ChemComm. This journal is © The Royal Society of Chemistry 2014 samples of BMMP and BMMP ox were obtained using a Shimadzu (Kyoto, Japan) preparative HPLC, equipped with a C18 reverse-phase preparative column, Prominence diode array detector, and fraction collector. Ellman's assay for sulfhydryl groups was performed using a Varian Cary 60 Bio UV-Vis spectrophotometer. Equilibrium, reduction potential, and kinetic studies on small molecules were performed with an analytical HPLC (Waters system equipped with a Waters 996 photodiode array detector, Empower 2 software and a Varian C18 reverse-phase column). Thiol pK a values were determined using a Varian Cary 60 UV-Vis spectrophotometer. Kinetic studies on proteins were carried out using a Varian Cary 400 Bio UV-Vis spectrometer with a Cary temperature controller at the Biophysics Instrumentation Facility at Madison (BIF). All NMR spectra were acquired at ambient temperature with a Bruker DMX-400 Avance spectrometer and a Bruker Avance III 500ii with cyroprobe spectrometer at the National Magnetic Resonance Facility at Madison (NMRFAM), and were referenced to TMS or residual protic solvent.
II. Computational procedures
Idealized conformations of 4, 5, DMH, DMH ox , DTT, and DTT ox were determined by optimizing their geometries at the B3LYP/6-311+G(2d,p) level of theory as implemented by Gaussian 09. 2 The optimized structures yielded no imaginary frequencies, indicating a true energy minimum on the potential energy surface.
III. Chemical synthesis
Compound 2 was synthesized as described previously from 2,3-dimethylpyrazine (1) resulting in comparable yields and identical NMR spectra. (1.50 mL, 10.76 mmol) and thioacetic acid (0.54 mL, 7.56 mmol) were then added, and the resulting solution was stirred overnight. After 16 h, the reaction was concentrated under reduced pressure and the resulting residue was purified by column chromatography (40% v/v ethyl acetate in hexanes) resulting in 3 (0.664 g, 76%). To a flame-dried flask containing 3 (0.167 g, 0.651 mmol) was added 6 mL of anhydrous MeOH followed by 3 mL of 3 N HCl in MeOH. After reacting for 16 h under N 2 (g), the reaction mixture was concentrated under reduced pressure, passed through a 4.5-µm filter, and purified by reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10-80% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. BMMP eluted at 27 min and, after lyophilization, was isolated as an off white/yellow powder (91.9 mg, 82%). BMMP (51.5 mg, 0.299 mmol) and 5,5′-dithio-bis(2-nitrobenzoic acid) (118.9 mg, 0.300 mmol) were placed in a 25-mL round-bottom flask. These solids were dissolved in 7 mL of anhydrous DMF, and the reaction mixture was stirred under N 2 (g). After 24 h, the solvent was removed by rotary evaporation under high vacuum, passed through a 4.5-µm filter, and purified by reversephase HPLC using a preparatory C18 column and a linear gradient of 10-80% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. BMMP ox eluted at 36 min, and after lyophilization, was isolated as an off white/yellow powder (47.3 mg, 93%). DMH was synthesized from N,N'-dimethylhydrazine dihydrochloride as described previously. 4 An analytically pure sample of 6 was obtained from reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10-80% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. DMH eluted at 23 min and, after lyophilization, was isolated as a white solid.
IV. Determination of thiol pK a values for BMMP
The thiol pK a values for BMMP were determined by following closely a procedure reported previously that exploits the elevated absorbance of the deprotonated thiolate at 238 nm. 1, 5, 6 A plot of A 238 vs pH was recorded ( Fig. S1 ), and pK a values were determined by fitting these data to eq 1, which is derived from both Beer's law and the definition of the acid dissociation constant. 5
In eq 1, C T is the total thiol concentration, is the extinction coefficient of the doubly protonated form of BMMP, is the extinction coefficient of the singly protonated form of BMMP, and is the extinction coefficient of the doubly deprotonated form of BMMP. 
V. Determination of thiol pK a values for DMH
The thiol pK a s of DMH were also examined using the same conditions described above. 
VI. Reduction potential of BMMP
Following a procedure reported previously, 1, 7 the reduction potential of BMMP was determined by analyzing its equilibrium reaction with DTT ox (eq 2), and measuring the amount of reduced and oxidized species in solution by analytical HPLC. Once the equilibrium constant was determined, its value was plugged into a variation of the Nernst equation (eq 3). 5 BMMP (2.5 mg, 0.015 mmol) and DTT ox (2.3 mg, 0.015 mmol) were place in a 10 mL round-bottom flask, and 5 mL of degassed 50 mM potassium phosphate buffer, pH 7.0, containing EDTA (2 mM) was added. The reaction mixture was then sonicated briefly to ensure complete dissolution of material and stirred overnight under N 2 (g). After reacting for 24 h, the reaction mixture was quenched by the addition of 0.1 mL of 3 N HCl, and passed through a 4.50-µm filter. A 100-µL aliquot of the reaction mixture was then immediately analyzed by analytical HPLC using a Waters system equipped with a Waters 996 photodiode array detector, Empower 2 software, and a Varian C18 column. The column was eluted at 1.0 mL/min with water (5.0 mL), followed by a linear gradient (0-40% v/v) of acetonitrile/water over 40 min. Four peaks were observed, corresponding to DTT (18 min), DTT ox (22 min), BMMP (34 min), and BMMP ox (41 min) ( Fig. S3 ). Calibration curves were generated and found to be linear over the concentration range analyzed. From these curves, equilibrium concentrations were determined, and a K eq = 0.137 ± 0.036 was determined for the reaction. Next, using this value and assuming E°' = -0.327 V for DTT, a variation of the Nernst equation (eq 3) was used to calculate that BMMP has a reduction potential of E°' = (-0.301 ± 0.003) V. This value is the mean ± SE from three separate experiments.
Fig. S3
Representative HPLC chromatogram of the redox equilibrium between BMMP and DTT ox . Compounds were detected by their absorbance at 205 nm.
VII. Reduction Potential of DMH
The reduction potential of DMH was also determined by following the same procedure described in Section V. With K eq = 0.0065 ± 0.0020 and assuming E°' = -0.327 V for DTT, DMH was found to have E°' = (-0.262 ± 0.004) V. 
VIII. Equilibrium reaction with oxidized βME
First, 4.0 mL of freshly degassed 50 mM potassium phosphate buffer, pH 7.0, containing EDTA (2 mM) was added to a round-bottom flask containing 3.0 mg (0.017 mmol) of BMMP. The flask was briefly sonicated to ensure complete dissolution of material and then stirred on under N 2 (g). Next, 0.6 mL (0.006 mmol) of a 10 mM stock solution of βME ox was added and the reaction was stirred overnight. After 24 h, the reaction mixture was quenched by the addition of 0.1 mL of 3 N HCl, filtered through a 4.5-µm solution, and immediately analyzed by analytical HPLC using a Waters system equipped with a Waters 996 photodiode array detector, Empower 2 software, and a Varian C18 column. The column was eluted at 1.0 mL/min with water (5.0 mL), followed by a linear gradient (0-40% v/v) of acetonitrile/water over 40 min. Three peaks were observed, corresponding to βME (6 min), BMMP (34 min), and BMMP ox (41 min). The peak corresponding to βME ox (21 min) was not observed, indicative of the quantitative reduction of βME ox to form βME (Fig. S5 ). This experiment was repeated three times with identical results.
Fig. S5
Representative HPLC chromatogram of the redox equilibrium between BMMP and βME. Compounds were detected by their absorbance at 205 nm.
IX. Reduction kinetics on oxidized βME
- [ ] 
= k obs [disulfide] total [thiol] total
The observed second-order rate constant (k obs ) for the reduction oxidized βME by BMMP, DMH, DTBA, and DTT was determined by following a previously described procedure. 1, 4 A 10 mL round-bottom flask was charged with BMMP (4.3 mg, 0.025 mmol), DTBA (4.3, 0.025 mmol), or DTT (3.9 mg, 0.025 mmol). Under an atmosphere of N 2 (g), 2.5 mL of freshly degassed 50 mM potassium phosphate buffer, pH 7.0, was then added to the reaction flask and the solution was briefly sonicated to ensure complete dissolution of reducing agent. At time t = 0, 2.5 mL of a 10 mM stock solution of βME ox in 50 mM potassium phosphate buffer, pH 7.0, was then added. At various time points (1, 2, and 4 min), the reaction mixture was quenched by the addition of 0.1 mL of 3 N HCl. The reaction mixture was then passed through a 4.5-µm filter and analyzed immediately by analytical HPLC using a Varian C18 reverse-phase column. The mixture was eluted at 1.0 mL/min with water (5.0 mL), followed by a linear gradient (0-40% v/v) of acetonitrile/water over 40 min. The degree of reduction was determined by integrating the newly formed peak in the chromatogram corresponding to reduced βME (elution time of 6 min) at 205 nm. Calibration curves were generated and determined to be linear over the concentration range. The amount of residual oxidized BME was calculated, and the second-order rate constants were determined from the linear fit of the data in Fig. 1A 
The initial values of concentration (C initial ) were: BMMP, DMH, DTBA, or DTT = βME ox = 5 mM. Values of k obs (Table S1 ) are the mean ± SE from three independent experiments. The same procedure was repeated with BMMP, DTBA, and DTT in 50 mM sodium acetate buffer, pH 5.0. Papain was inactivated by forming a mixed disulfide upon treatment of its active-site cysteine (Cys25) with S-methyl methanethiosulfonate following a procedure reported previously. 1,8 A 1.25 mL solution of papain-Cys25-S-S-CH 3 (4.4 × 10 -6 M) in a degassed 0.10 M imidazole-HCl buffer, pH 7.0, containing EDTA (2 mM) was placed in a 1.5-mL LoBind Eppendorf tube. At time t = 0, 10 µL of a 1 mM stock solution of BMMP was added, and a timer was started. The initial concentrations of the reaction mixture were dithiol reducing agent: 7.9 × 10 -6 M and inactive protein: 4.4 × 10 -6 M. At various time points, a 200-µL aliquot of the reaction mixture was removed and added to a cuvette containing 800 µL of substrate solution (0.10 M imidazole-HCl buffer, pH 6.0, containing 2 mM EDTA and 1.25 mM N-benzoyl-L-arginyl-p-nitroanilide), and the rate of change in absorbance at 410 nm was recorded at 25 °C. A unit of protein is defined as the amount of enzyme required to produce 4-nitroaniline at a rate of 1 µmol/min. The units of active papain at each time point were calculated by using an extinction coefficient for 4nitroaniline of ε = 8,800 M -1 cm -1 at 410 nm. In order to determine the possible number of units of active papain in the reaction mixture, enzymatic activity was assessed after a large excess of DTT (~100 fold) was added to an Eppendorf tube. As a control, the addition of DTT was shown to have no bearing on the assay data, other than in activating the enzyme. Y = enzymatic activity (%) at any time point was determined by dividing the number of active units of enzyme by the possible number of units in the solution, and plotted in Fig. 2A . To determine the value of the second-order rate constant (k obs ) for the reducing agents, the second order rate equation (eq 4) was transformed into eq 5, which was fitted to the data with the program Prism 5.0. In both equations, (Table S1) The oxidation and subsequent reactivation of creatine kinase with BMMP (or DTBA or DTT) was accomplished by a procedure described previously. 1, 4 Enzymatic activity (%) at particular time points was calculated by dividing the number of active units of enzyme by the possible number of units in solution, and was plotted in Fig. 2B . Values of k obs (Table S1) were determined using eq 5 as described in Section VIII, and are the mean ± SE for three separate experiments.
X. Reactivation of papain
A 0 = [inactive protein] t=0 , A = [inactive protein] t = A 0 -A 0 Y, B 0 = [reducing agent] t=0 , and B = [reducing agent] t = B 0 -A 0 Y. Values of k obs
XII. Table S1
Values of k obs (M -1 s -1 ) for the reduction of disulfides by dithiols Disulfide BMMP DMH DTBA DTT βME ox , pH 7.0 1.02 ± 0.07 0.56 ± 0.04 0.32 ± 0.02 0.090 ± 0.005 βME ox , pH 5.0 0.0183 ± 0.0007 ND a 0.0051 ± 0.0004 0.0013 ± 0.0001 papain-Cys25-S-S-CH 3 1139 ± 62 ND a 950 ± 51 87 ± 3 creatine kinase-Cys283-S-S-G 476 ± 34 ND a 70 ± 2 82 ± 3 a ND, not determined.
XIII. Determination of BMMP solubility in buffered water
A 20 mM stock solution of 2-butyne-1,4-diol (which is an 1 H NMR standard) was prepared in 50 mM potassium phosphate buffer, pH 7.0. BMMP was added to a solution containing 1 mL of this buffer and 0.1 mL of D 2 O until the solution was saturated completely. The mixture was sonicated to ensure complete dissolution and filtered into an NMR tube, and its spectrum was acquired with water suppression. The solubility of BMMP was determined to be (64 ± 14) mM by integration of the 1 H NMR peak areas for the aryl CH and methylene CH 2 SH protons for BMMP and the CH 2 OH protons of 2-butyne-1,4-diol. Analogously, the solubility of BMMP ox was determined to be (7.9 ± 2.8) mM by integration of the 1 H NMR peak areas for the aryl CH protons of BMMP ox and the CH 2 OH protons of 2-butyne-1,4-diol. Table S11 . Partial atomic charges for the optimized geometry of DMH. Table S13 . Partial atomic charges for the optimized geometry of oxidized DMH. 
XV. Cartesian coordinates of optimized geometries and partial atomic charges

